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e have investigated the role of the bone morphogenetic protein (BMP) pathway during neural tissue formation in the
scidian embryo. The orthologue of the BMP antagonist, chordin, was isolated from the ascidian Halocynthia roretzi. While
both the expression pattern and the phenotype observed by overexpressing chordin or BMPb (the dpp-subclass BMP) do not
suggest a role for these factors in neural induction, BMP/CHORDIN antagonism was found to affect neural patterning.
Overexpression of BMPb induced ectopic sensory pigment cells in the brain lineages that do not normally form pigment
cells and suppressed pressure organ formation within the brain. Reciprocally, overexpressing chordin suppressed pigment
cell formation and induced ectopic pressure organ. We show that pigment cell formation occurs in three steps. (1) During
cleavage stages ectodermal cells are neuralized by a vegetal signal that can be substituted by bFGF. (2) At the early gastrula
stage, BMPb secreted from the lateral nerve cord blastomeres induces those neuralized blastomeres in close proximity to
adopt a pigment cell fate. (3) At the tailbud stage, among these pigment cell precursors, BMPb induces the differentiation
of specifically the anterior type of pigment cell, the otolith; while posteriorly, CHORDIN suppresses BMP activity and
allows ocellus differentiation. © 2001 Academic Press
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iINTRODUCTION
Ascidians are simple chordates with a small cell number
whose development has long been considered to be mosaic.
The inheritance of maternal determinants controls muscle,
epidermis, and endoderm formation (Nishida, 1997). By
contrast, cell–cell interactions are required for the forma-
tion of the following mesoderm lineages: notochord, mes-
enchyme, and trunk lateral cells (Nakatani and Nishida,
1994; Kim and Nishida, 1999; Kawaminami and Nishida,
1997) as well as for neural tissue formation (Rose, 1939;
Nishida, 1991; Okamura et al., 1994). Lineage studies show
that the central nervous system (CNS), which is derived
from the dorsal hollow neural tube, can be divided into
three domains (Nishida, 1987). At the 8-cell stage, three
1 To whom correspondence should be addressed. Fax: 33-4-91-82-
06-82. E-mail: darras@ibdm.univ-mrs.fr.
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All rights of reproduction in any form reserved.lastomere pairs will form the CNS (Fig. 1). The posterior
erve cord (formerly brain stem and spinal cord) is mainly
erived from the anterior-vegetal blastomeres (A-line), and
s autonomously specified (Okada et al., 1997; Minokawa et
al., 2001). The dorsal-most cells of the nerve cord are
derived from the posterior-animal blastomeres (b-line), but
the mechanism leading to their specification remains un-
known. The brain vesicle is entirely derived from the
anterior-animal blastomeres (a-line) on reception of an
inducing signal emitted from the A-line blastomeres
(Nishida, 1991; Okamura et al., 1994 and references
therein).
At the 110-cell stage, the bilaterally located a8.17, a8.19,
and a8.25 blastomere pairs constitute the brain vesicle
precursors (see Fig. 3A for their position). Among these, the
a8.25 cell pair are the precursors of sensory pigment cells
(Nishida, 1987). Formation of these cells has been particu-
larly well documented as they constitute the most promi-
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272 Darras and Nishidanent feature of the ascidian brain (see Figs. 1C and 4A). The
only two melanin-containing pigment cells of the ascidian
FIG. 1. Lineages within the CNS. Anterior is to the left. (A)
Lateral view of the 8-cell embryo. Animal pole is up. (B) At the end
of gastrulation the neural plate is composed of three domains: an
anterior domain containing precursors for the palps and peripheral
sensory neurons within the head epidermis, an intermediate do-
main containing brain precursors, and a posterior domain contain-
ing nerve cord precursors. (C) The CNS of the larva (the palps and
peripheral neurons which belong to the PNS are not represented).
The otolith and the ocellus are sensory organs containing single
pigment cell with distinct morphology. Each color refers to the
origin at the 8-cell stage. Adapted from Nishida (1987).larva lie in the brain vesicle and they belong to two different
Copyright © 2001 by Academic Press. All rightensory organs. The anterior one, the otolith, is part of the
rgan involved in sensing gravity. The posterior cell, the
cellus, is a cup-shaped cell containing photosensitive parts
f the receptor cells (Dilly, 1962, 1964; Nicol and Mein-
rtzhagen, 1991). These two cells can easily be distin-
uished by their morphology and their specific type of
igmentation (see Fig. 4A; Nishida and Satoh, 1989). The
cellus pigment cell contains numerous small melanin
ranules, while the otolith pigment cell has a large single
pherical melanin granule (Fig. 1B). The decision to become
igment cell is made at the beginning of gastrulation
Nishida and Satoh, 1989), as a consequence of induction by
-line nerve cord precursors (Nishida, 1991). However, at
his stage, there is no relationship between the left-right
osition of the a8.25 blastomere and its final differentiation
tate (ocellus or otolith) (Nishida, 1987). The a8.25 blas-
omere pair forms an equivalence group with ocellus as the
ominant fate (Nishida and Satoh, 1989). The choice to
dopt either ocellus or otolith cell fate is made after neural
ube closure at the early tailbud stage via cell–cell interac-
ions (Nishida and Satoh, 1989). However, the nature of the
ignaling molecules involved in the two events of pigment
ell specification has not yet been elucidated.
Although the brain vesicle inducer emitted by the A-line
lastomeres is unknown, it was reported that proteases of
he subtilisin family as well as bFGF constitute potent
eural inducers (Ortolani et al., 1979; Okado and Taka-
ashi, 1993; Inazawa et al., 1998). These studies monitored
eural induction through morphology (palps of the adhesive
rgan or sensory pigment cell formation), electrophysiol-
gy, and the expression of TuNaI, a neuronal sodium
hannel (Okamura et al., 1994). Since these are all late
indicators of neuronal differentiation, they may not be
suitable for monitoring the early steps of neural induction.
Neural induction is well documented in Xenopus. Neural
tissue is considered to be the default fate of the ectoderm
and this is inhibited by the epidermal inducer BMP-4 (Sasai
nd De Robertis, 1997 and references therein). Thus, neural
issue formation requires that BMP-4 activity be antago-
ized by molecules such as CHORDIN, NOGGIN, or
OLLISTATIN. These factors act directly by binding to the
MP-4 protein and thus prevent BMP-4 from activating its
eceptor. This model has recently been challenged by stud-
es in chick, where CHORDIN alone was shown not to be
ufficient for neural induction (Streit et al., 1998). More-
ver, it was proposed that FGF signaling plays a key role in
he early steps of neural induction in chick (Wilson et al.,
000; Streit et al., 2000). Perhaps these different models can
e reconciled as it appears that, in Xenopus, the Wnt
ignaling pathway might be also involved in neural induc-
ion by repressing BMP-4 expression (Baker et al., 1999), a
unction carried out by FGF signaling in chick (Wilson et
l., 2000). In ascidians, the homologue of Bmp2/Bmp-4 has
een isolated and has been proposed to play a similar role as
eported in Xenopus due to its ability to suppress adhesive
rgan and pigment cell formation (Miya et al., 1997a).
In order to clarify the mechanisms involved in neural
s of reproduction in any form reserved.
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274 Darras and Nishidainduction and pigment cell formation, we isolated the
orthologue of chordin from the ascidian Halocynthia ro-
etzi. Overexpression experiments did not support a role for
hordin in neural induction, while exogenous bFGF treat-
ent was able to evoke neural induction. We propose that
MP/CHORDIN antagonism is involved in two distinct
teps of pigment cell formation. (1) BMP induces pigment
ells among neural precursors in a spatially controlled
anner during gastrulation. (2) BMP/CHORDIN antago-
ism would then control the binary cell fate choice (otolith
ersus ocellus) in a position-dependent manner at the
ailbud stage. Thus, we propose that BMPb and chordin are
nvolved in neural plate patterning rather than neural
nduction in the ascidian.
MATERIALS AND METHODS
Animals and Embryos
Naturally spawned eggs of the Japanese ascidian Halocynthia
roretzi were artificially fertilized with a suspension of nonself
sperm and raised in Millipore-filtered seawater containing 50
mg/ml streptomycin sulfate and 50 mg/ml kanamycin sulfate at
13°C. Tadpole larvae hatch approximately 35 h after fertilization.
Inhibition of cleavage and morphogenesis was performed with 2
mg/ml of cytochalasin B, an inhibitor of actin polymerization, as
described by Nishida and Satoh (1989).
To ablate the nerve cord precursors at the 64-cell stage, all A-line
precursors (A7.4 and A7.8 blastomere pairs) were injected with
seawater until their plasma membranes were lysed. Cell debris was
removed after the next cleavage.
For blastomere isolation, the vitelline membrane was chemi-
cally removed during the first cell cycle as described by Mita-
Miyazawa et al. (1985). Embryos were cultured on 1% agar-coated
dishes up to the 8-cell stage when blastomeres were isolated with
a fine glass needle. Isolated blastomeres were treated with recom-
binant human bFGF protein (Amersham) or recombinant human
BMP-4 protein (R & D Systems) in seawater containing 0.1%
bovine serum albumin (BSA) and cultured separately on agar-coated
dishes. As a control, isolated blastomeres were cultured in 0.1%
BSA–seawater.
Cloning of Halocynthia roretzi chordin
Three fully degenerate primers were designed against the follow-
ing conserved motifs of CHORDIN proteins in CR1 GEPFGVM
(forward, 59-GGN GAR CCN TTY GGN GTN ATG-39) and in CR3
WHPF/VVPP (reverse, 59-GG NGG NAC NAM NGG RTG CCA-
FIG. 2. Structure and expression of ascidian chordin. (A) Schema
percentage of amino acid identity between Halocynthia, Xenopus,
200 pg of Hrchordin mRNA into Xenopus embryos leads to axi
Expression pattern of chordin. (D, H) 64-cell stage. Vegetal view.
Lateral view of the same embryo as in E. (G, K) Mid-gastrula. Neura
stage. (O) Larva (tail was removed). Arrows indicate chordin express
mm (D–O).
Copyright © 2001 by Academic Press. All right39) and DCCKQ/ECP (reverse, 59-GG RCA YTS KTT RCA RCA
RTC-39). Using nested RT-PCR, we amplified a fragment of about
2.4 kb using 110-cell stage poly(A) RNA as a template. We used this
fragment labeled with [32P]dCTP to screen a 110-cell-stage cDNA
ibrary. The longest clone has been entirely sequenced (Genome
xpress) and appeared to contain a complete ORF. The accession
umber is AF304385.
Injection of Synthetic mRNA
The longest clone pBSKHrChordin was subcloned into the
expression vector pBSRN3 (Lemaire et al., 1995). mRNA was
synthesized according to the manufacturer protocol (mMessage
mMachine; Ambion) either with T3 polymerase for pBSRN3Hrchordin,
pBSRN3HrBMPb (Miya et al., 1997a), pBSRN3XlnogginD59 (Smith
t Harland, 1992), and pBSRN3XlSmad6b (H. Yasuo and P. Lemaire,
npublished observations) or with SP6 polymerase for pSP35T-
lchordin (Sasai et al., 1994). Injection into Xenopus embryos was
erformed at the 2-cell-stage for animal cap assay or at the 4- to
-cell-stage in the ventral equatorial region as previously described
Lemaire et al., 1995). Ascidian eggs were injected during the
econd phase of ooplasmic segregation of the first cell cycle (Miya
t al., 1997a).
In Situ Hybridization and Immunocytochemistry
Whole-mount in situ hybridization was performed as described
by Miya et al. (1997a), except that the DIG-probes were not
hydrolyzed by alkaline treatment. When needed, embryos were
first fixed for 5–15 min in 4% formaldehyde in seawater and then
processed to reveal tyrosinase enzymatic activity as described by
Nishida and Satoh (1989). After tyrosinase reaction, embryos were
fixed in 4% paraformaldehyde for 1 h for regular in situ hybridiza-
ion.
The Mu-2 monoclonal antibody recognizes the myosin heavy
hain in tail muscle cells of larvae (Nishikata et al., 1987a). The
Epi-2 monoclonal antibody recognizes differentiated epidermis
(Nishikata et al., 1987b). The monoclonal antibody Hpr-1 specifi-
cally stains the pressure organ at the larval stage (G. J. Kim and
H.N., unpublished observations). Larvae were fixed in methanol for
10 min at 220°C and stained by indirect immunofluorescence with
an Alexa 488-conjugated secondary antibody (Molecular Probes).
RESULTS
Expression of Ascidian chordin
The Xenopus CHORDIN protein contains four cystein-
rich domains (CR1–CR4) which are conserved between
epresentation of HrCHORDIN protein. The numbers indicate the
k, and mouse CHORDIN and Drosophila SOG. (B, C) Injection of
lication (C) compared to uninjected control embryos (B). (D–O)
rior is up. (E, I) 110-cell stage. Vegetal view. Anterior is up. (F, J)
e view. (L, M) Neurula (L: dorsal view, M: lateral view). (N) Tailbud
ells in sensory vesicle. In L–O, anterior is to the left. Scale bar, 100tic r
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275BMP and CHORDIN in Ascidian Neural Patterningvertebrate CHORDIN proteins and Drosophila SOG (Fran-
cois and Bier, 1995). Degenerate PCR primers were designed
against motifs conserved in CR1 and CR3 and the resulting
RT-PCR fragment was used to screen a 110-cell-stage ascid-
ian cDNA library. The longest clone isolated is predicted to
encode a protein of 984 amino acids containing a signal
peptide and 4 CR domains (Fig. 2A) and was therefore
considered full-length. The overall amino acid conservation
is stronger with vertebrates (34% identity and 52% similar-
ity with Xenopus CHORDIN) than with Drosophila SOG
(24% identity and 41% similarity). In order to test a
possible functional conservation of HrCHORDIN, we
evaluated its ability to induce ectopic axes upon overex-
pression in Xenopus embryos, as is the case for Xenopus
CHORDIN (Sasai et al., 1994). Injection of 100 pg of
Hrchordin mRNA into each ventral blastomere of the 4-cell
Xenopus embryo led to axis duplication (83%, n 5 24; Figs.
2B and 2C) or to small protrusions (12%). Higher doses
produced secondary axes with more anterior structures in
over 90% of the cases (n 5 46). Injection into the animal cap
led to cement gland formation in the same dose range (data
not shown). This suggests that, as observed for CHORDIN
orthologues in other species, ascidian CHORDIN is able to
block BMP signaling.
We did not detect maternal chordin transcripts by either
RT-PCR or whole-mount in situ hybridization. Zygotic
expression is first observed at the 64-cell stage (Figs. 2D and
2H). The fate of each of these blastomeres is described
below according to Nishida (1987). Transcripts were found
in the A7.3 and A7.7 blastomeres (primary notochord pre-
cursors), the B7.3 and B7.7 blastomeres (secondary noto-
chord and mesenchyme precursors), and the B7.1 blas-
tomere (posterior endoderm precursor). At the 110-cell
stage, when gastrulation starts, weaker staining was still
visible in secondary notochord (B8.6 blastomere) and mes-
enchyme precursors (B7.7 and B8.5 blastomeres) (Figs. 2E
and 2I). In addition, a new site of mesodermal expression
was observed in the A7.6 blastomere [trunk lateral cells
(TLC) precursor]. In the lateral region of the embryo (Figs.
2F and 2J), a group of five cells was strongly stained. Two of
these cells are not yet restricted in their fate at this stage
(b8.17 and b8.19: secondary muscle, nerve cord, and
endodermal strand precursors) and the other three blas-
tomeres are destined to form epidermis (a8.26, b8.18, and
b8.20). During gastrulation, the a8.26 daughter cells (a9.51
FIG. 3. Comparison of chordin and BMPb expression patterns. (A
vegetal is left. The pigment cell precursor a8.25 (red) is flanked ve
(blue), and animally by the epidermis precursor a8.26 expressing ch
form pigment cell. (B) BMPb is expressed in four cells (arrow) corre
After neural tube closure, these cells are aligned along the A-P a
tyrosinase activity (brown, arrows) and chordin (purple). chordin is
cells after the embryo starts bending. Scale bar, 100 mm. (F) Lineage
sides of late blastula. They give rise to pigment cells and other cel
fate is unknown (adapted from Nishida, 1987 and Sato et al., 1999).
Copyright © 2001 by Academic Press. All rightand a9.52; Figs. 2G and 2K) and TLC precursors (not shown)
were the main sites of chordin expression. At the neurula
stage, chordin remained expressed in the a8.26 lineage
(anterior group of cells in Figs. 2L and 2M) and in a group of
internal cells that are likely to be the TLC (Fig. 2M, internal
staining). Expression was also found in the epidermis bor-
dering the neural plate (Fig. 2L). At the tailbud and larval
stages, expression was found in the anterior epidermis,
around the future palps, and in one cell of the brain which
lies posterior to the ocellus (by dissecting the embryo, only
one cell was found positive for chordin in the head; Figs. 2N
and 2O).
chordin and BMPb Expression Patterns Suggest
a Role in Pigment Cell Formation
Since the BMP pathway is known to be involved in
pigment cell formation (Miya et al., 1997a), we compared
he expression of BMPb and chordin at the time when
igment cells are induced (early gastrula stage) and at the
ime when the otolith versus ocellus fate decision is made
tailbud stage). At the 110-cell stage, BMPb is expressed in
he nerve cord precursors A8.15 and A8.16 (Miya et al.,
997a). Hence, the pigment cell precursor a8.25 is sur-
ounded by BMPb-expressing blastomeres and by chordin-
xpressing blastomeres (Fig. 3A). BMPb is then expressed in
he dorsal neurectoderm at the tailbud stage (Miya et al.,
997a). By performing a more detailed analysis, we found
hat BMPb was expressed in four cells at the time of neural
ube closure (Fig. 3B). These cells line up along the dorsal
idline (Fig. 3C) and they appear to correspond to the four
ells expressing Tyrosinase Related Protein (TRP; see Fig. 5;
ato et al., 1999) and tyrosinase activity (Nishida and Satoh,
989). These four cells are descendants of the a8.25 blas-
omeres (Fig. 3F). The two anterior cells, blastomere pair
10.98, express melanogenic enzymes (TRP and tyrosinase)
ut do not synthesize melanin and do not differentiate into
igment cells. The two posterior cells, called a10.97, con-
titute the postmitotic pigment cells, although they have
ot yet synthesized melanin at this stage (Sato et al., 1999
nd references therein).
To determine precisely the positional relationship be-
ween the chordin-positive cell in the brain (Figs. 2N and
O) and the pigment cell precursors, we performed a double
taining using tyrosinase histochemistry and chordin in
hematic representation at the early gastrula stage. Anterior is up,
y by the nerve cord precursors A8.15 and A8.16 expressing BMPb
(brown). a8.17 and a8.19 are brain lineage blastomeres that do not
ding to the pigment cell precursors in the closing neural tube. (C)
the dorsal region of the neural tube. (D, E) Double staining for
essed in a cell (arrowhead) just posterior to the tyrosinase-positive
of the a8.25 blastomere. There are two a8.25 on both left and right
the dorsal and lateral parts of the brain vesicle whose precise final) Sc
getall
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278 Darras and Nishidasitu hybridization. At an early tailbud stage, chordin ex-
pression was not detected in the CNS (Fig. 3D), but as the
tail starts to bend, chordin transcripts were found in a cell
just posterior to the tyrosinase-positive cells (Fig. 3E). Thus,
chordin and BMPb are expressed in a pattern consistent
with their possible involvement in pigment cell formation.
CHORDIN Suppresses Pigment Cell Formation
To investigate the function of chordin during ascidian
mbryogenesis, we overexpressed it via synthetic mRNA
njection. At the larval stage, injected embryos showed
orphological alterations in palps, sensory pigment cells,
nd notochord (this last aspect is described elsewhere;
arras and Nishida, 2001). At the anterior tip of the
scidian larva, there is an adhesive organ comprised of three
alps (Fig. 4A) which allows the larva to attach to the
ubstrate at the onset of metamorphosis. This structure is a
pecialized form of epidermis which also contains sensory
eurons (Takamura, 1998). chordin-injected larvae exhib-
ted only one large palp suggesting that the three palps may
ave fused (Figs. 4B–4D). This phenotype was observed at
ll doses tested (75–200 pg of mRNA). Pigment cells were
lso affected by injection of chordin mRNA. Three types of
henotypes were observed in a dose-dependent manner
Table 1). Weakly affected embryos had two pigment cells
ut both were ocelli, the posterior pigment cell type (Fig.
B). In moderately affected individuals, only one pigment
FIG. 4. Overexpression of chordin and BMPb. (A–D) Effect of H
(arrowheads, only two are in focus), the otolith anteriorly, and the o
pg). (D) Type 3: no pigment cell (150 pg). (E) Type 1: injection of 200
noggin mRNA. Note that in all cases there is only one large palp (ar
larva. (H) Four otoliths are visible after injection of 10 pg of BMPb.
(J, K) Cleavage after the end of gastrulation was arrested. Uninjecte
embryos develop otoliths in the brain lineages that have normally n
ABLE 1
ffects of Injection of Hrchordin, Xlchordin, Xlnoggin, and XlSma
RNA
Dose
(pg)
No. of embryos
examined
Hrchordin 75 90
150 129
Xlchordin 100 23
200 31
Xlnoggin 75 15
150 17
XlSmad6b 180 25a9.33 blastomere) (K, M). Anterior is to the left. Scale bar, 100 mm (A–F
Copyright © 2001 by Academic Press. All rightell was found, and this was invariably an ocellus (Fig. 4C).
n strongly affected larvae, no pigment cell was visible (Fig.
D). These phenotypes were never observed upon injection
f control LacZ mRNA.
To confirm that these phenotypes were the result of an
nterference with BMP signaling, we overexpressed other
MP antagonists. Injection of mRNA for either Xenopus
hordin (Fig. 4E) or Xenopus noggin (Fig. 4F), a BMP antag-
nist unrelated to chordin (Smith and Harland, 1992), gave
imilar phenotypes to Hrchordin (Table 1). Injection of
RNA for Xenopus Smad6b (a different allele for Smad6,
n inhibitor of the BMP2/4 pathway; H. Yasuo and P.
emaire, unpublished observations) also led to similar phe-
otypes, although less frequently (Table 1). Thus, it would
ppear that partial blocking of the BMP pathway preferen-
ially prevents anterior pigment cell formation while a
ore complete blocking prevents the formation of both
igment cells.
BMPb Induces Ectopic Pigment Cells
Unexpectedly, chordin overexpression provoked a reduc-
tion or loss of sensory pigment cells, which was previously
reported to occur upon overexpression of BMPb (Miya et al.,
1997a). Therefore, we decided to reinvestigate the pheno-
types of BMPb-injected embryos. We observed two pheno-
types in a dose-dependent manner (Table 2). Injection of
high doses of mRNA (.30–50 pg) led to an absence of
rdin mRNA injection. (A) Uninjected larva possesses three palps
s posteriorly. (B) Type 1: 2 ocelli (75 pg). (C) Type 2: 1 ocellus (150
Xenopus chordin mRNA. (F) Type 2: injection of 150 pg of Xenopus
ead in B–F). (G–I) Effect of BMPb mRNA injection. (G) Uninjected
o pigment cell is present after injection of 50 pg of BMPb mRNA.
bryos develop two ocelli in a9.49 blastomeres (J, L), while injected
ent cell fate (in this case left and right a9.37 blastomeres and right
mRNA on Pigment Cell Formation
Sensory pigment cells (%)
rmal
cellus
tolith
Type 1
2 ocelli
Type 2
1 ocellus
Type 3
no cell
49 14 37 0
17 22 52 9
61 39 0 0
6 61 29 0
33 47 20 0
0 18 47 35
68 24 8 0rcho
cellu
pg of
rowh
(I) N
d em
o pigmd6b
No
1 o
1 o, J, K) and 50 mm (G–I).
s of reproduction in any form reserved.
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279BMP and CHORDIN in Ascidian Neural Patterningpigment cells, similar to the phenotype described by Miya
et al. (1997a) (Fig. 4I). However, with low doses of mRNA
(5–25 pg), we observed instead ectopic pigment cell forma-
tion. The number of pigment cells formed varied between
three and six (Fig. 4H). The severity of the phenotype at a
given dose of mRNA depended on the batch of eggs used.
However, we could consistently obtain additional or miss-
ing pigment cells in any batch in a dose-dependent manner
(Table 2). The effect of BMPb was partially rescued by
injection of antagonists of the BMP pathway. Injection of
mRNA for either Xenopus Smad6b or Hrchordin trans-
ormed the high-dose BMPb phenotype (lack of pigment
ell) into a low-dose phenotype (ectopic pigment cells;
able 3). At this point, the lack of pigment cell formation at
igh doses of BMPb mRNA might be attributable to either
n absence of induction or a lack of differentiation.
To determine the origin of the ectopic pigment cells, we
ook advantage of cleavage-arrested embryos. The absence
f cell division and cell movement allows the identification
f each cell that contributes to the neural plate (schema-
ized in Fig. 1B). If cleavage is arrested after gastrulation by
reatment with cytochalasin B and the embryo is allowed to
evelop up to the equivalent of larval stage, two pigment
ells eventually develop on the edge of the neural plate (Fig.
J; Whittaker, 1973a; Crowther and Whittaker, 1984;
ishida and Satoh, 1989). As shown in Fig. 4L, these
igment cells were derived from the a9.49 blastomeres
ollowing their normal lineage (Fig. 3F; Sato et al., 1999).
hen cleavage was arrested in embryos injected with a low
ose of BMPb mRNA, the ectopic pigment cells were found
in the same row of cells in the neural plate that contains the
normal pigment cell progenitors (compare Figs. 4J and 4L
with Figs. 4K and 4M). While some pigment cells eventu-
ally formed at the correct position, ectopic cells were found
to be located between these endogenous progenitors. These
ectopic cells corresponded to the a9.33 and a9.37 blas-
tomeres that derive from a8.17 and a8.19 brain precursors at
the 110-cell stage (Fig. 3A). These observations demonstrate
that ectopic pigment cells are formed in brain lineages that
TABLE 2
Dose-Dependent Effect of HrBMPb mRNA on Pigment
Cell Formation
Dose
(pg)
No. of
embryos
examined
No. of pigment cells (%)
Average0 1 2 3–6
5 8 0 12 37 50 3.0
10 11 0 0 9 91 3.6
20 16 0 6 0 94 4.6
40 16 0 0 0 100 3.9
20 16 12 25 25 37 2.0
100 27 60 26 7 11 0.8
Note. Results of two independent experiments are shown.do not normally form pigment cells.
Copyright © 2001 by Academic Press. All rightThe phenotypes obtained here suggest that BMPb, ex-
ressed in the nerve cord precursors (Fig. 3A), is a good
andidate for the inducer of pigment cells.
BMPb/chordin Antagonism Is Involved
in Neural Plate Patterning
To determine whether the phenotypes we observed were
due to a lack or a gain of neural tissue versus epidermis, we
examined the expression of general epidermal and neural
markers. At the tailbud stage, we looked at HrEpiC expres-
sion, which strictly stains the whole epidermis except the
palps region (Fig. 5A; Ueki et al., 1991; Ishida et al., 1996).
s previously described by Miya et al. (1997a), we found
hat the palps region expresses EpiC after BMPb overexpres-
ion (Fig. 5B); however, EpiC was never expressed in the
CNS. CHORDIN overexpression had no effect on EpiC
expression (Fig. 5C). The apparent enlargement of the
EpiC-negative zone in chordin-injected embryos does not
correspond to an enlargement of the neural domain but just
to a delay or a failure of neural tube closure that is also
observed when BMPb is overexpressed (Figs. 5B and 5C). A
complementary profile was observed when HrETR-1 (an
elav-related gene specific to the neural tissue; Yagi and
Makabe, 2001) was used as a probe at the tailbud stage.
Staining in the most anterior region was lost in BMPb-
injected embryos, but there was no effect in chordin-
injected embryos (Figs. 5D–5F). These data suggest that
BMPb overexpression affected the palps precursors and the
precursors of the head epidermis peripheral neurons (de-
rived from the anterior neural plate; Fig. 1B), but not the
precursors of the CNS. Moreover, no neural tissue was
formed in ectoderm precursors isolated at the 8-cell stage
after injection of chordin (data not shown).
As neural induction per se did not seem to be affected by
overexpression of CHORDIN and BMPb, we looked at
specific markers within the brain. TRP, which encodes a
melanogenic enzyme, is expressed strongly in pigment cell
precursors at the tailbud stage (a10.97 blastomeres, see Fig.
TABLE 3
Rescue of HrBMPb mRNA Injection by BMP
Pathway Antagonists
RNA
No. of
embryos
examined
No. of pigment
cells (%)
Average0 1 2 3–6
HrBMPb 20 pg 10 50 10 10 30 1.2
HrBMPb 20 pg 1
XlSmad6b 150 pg
11 18 0 9 73 2.6
Hrchordin 150 pg 42 2 38 60 0 1.6
HrBMPb 50 pg 52 67 19 10 4 0.5
Hrchordin 150 pg 1 40 20 15 22 43 2.2HrBMPb 50 pg
s of reproduction in any form reserved.
p
t
a
o
p
C
i
c
i
i
d
a
c 100 m
280 Darras and Nishida3F). It is also expressed in two other cells that originate
from the same lineage but that do not produce melanin
(a10.98 blastomeres, see Fig. 3F; Sato et al., 1999). In
agreement with our previous experiments, injection of
BMPb caused ectopic TRP expression (Fig. 5H). Embryos
with the strongest phenotype developed six pairs of cells
FIG. 5. Effect of injection of 20 pg of BMPb and 150 pg of chordin m
n the entire epidermis except the palps region (white arrowhead). (B
ontrast, CHORDIN had no effect. The black arrow points at the ant
s lost only in the most anterior region of BMPb-injected embryos (E, a
s expressed in the pigment cell lineage (G). Ectopic staining is seen
ownregulated in chordin-injected embryos (I). (J–L) The Hpr-1 antibod
ll in the focal plane). Only two cells are found after BMPb injection (K
ells are observed (33 in this case); note the two ocelli (L). Scale bar,expressing TRP that correspond to the cells that we have r
Copyright © 2001 by Academic Press. All rightreviously shown to be competent to form pigment cells (at
he 110-cell stage: a8.25 as a normal precursor, a8.17 and
8.19 as brain precursors). Surprisingly, this effect was also
bserved at high dose, although these ectopic pigment cell
recursors fail to become melaninized, as described above.
HORDIN provoked a complementary effect: down-
on epidermal and neural markers. (A–C) EpiC. (A) EpiC is expressed
Pb transformed the palps region into an EpiC-positive zone. (C) By
end of the neural tube. (D–F) Expression of the neural marker ETR-1
head), but it is not affected in chordin-injected embryos (F). (G–I) TRP
pairs of cells after injection of BMPb (H), whereas the expression is
ognizes 17–21 cells constituting the pressure organ of the larva (J, not
ws), and four pigment cells are observed. After chordin injection, extra
m (A–I) and 50 mm (J–L).RNA
) BM
erior
rrow
in six
y rec
, arroegulation or loss of TRP staining (Fig. 5I). The pressure
s of reproduction in any form reserved.
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281BMP and CHORDIN in Ascidian Neural Patterningorgan of Halocynthia is located on the lateral wall of the
sensory vesicle and is comprised of 17–21 cells (17–19 cells
in Ciona intestinalis, Nicol and Meinertzhagen, 1991) as
revealed by a specific antibody staining at larval stages (Fig.
5J; G. J. Kim and H.N., unpublished observations). Injection
of BMPb mRNA reduced the number of immunoreactive
cells to a variable extent (Fig. 5K), with no positive cells at
all in the most extreme cases. By contrast, overexpression
of CHORDIN promoted supernumerary pressure organ cell
formation (25–33 cells; Fig. 5L). At first glance, it would
appear that pigment cells are converted into cells of the
pressure organ by chordin overexpression and vice versa for
BMPb injection. However, extra pressure organ could be
observed in chordin-injected embryos even if two pigment
cells were present (Fig. 5L). This suggests that these two
sensory organs originate from different lineages. Unfortu-
nately, the precise origin of the pressure organ during
normal development is not yet known. Taken together,
these results suggest that the phenotypes observed in the
larval brain do not result from defective neural induction,
but rather from impaired neural plate patterning.
Neural Induction and Pigment Cell Specification
are Two Separate Events
The A-line nerve cord precursors are necessary and suffi-
cient for induction of pigment cells (Nishida, 1991). As BMPb
is expressed at the 110-cell stage in the nerve cord precursors
A8.15 and A8.16 (Miya et al., 1997a; Fig. 3A), it serves as a
ood candidate to carry out nerve cord activity. Ablation of all
erve cord precursors at the 64-cell stage (A7.4 and A7.8
lastomeres) prevented pigment cell formation (Nishida,
991), and suppressed TRP expression at the tailbud stage in
ur study (Figs. 6A and 6B). However, this did not prevent the
xpression of the pan-neural marker ETR-1 in the brain and
pigment cell precursors at the late gastrula stage (Figs. 6C and
6D). These data demonstrate that neural induction and pig-
ment cell specification are separate processes.
bFGF as a Putative Neural Inducer
To precisely address the role of BMPb in pigment cell
specification, we reconstituted this process using a4.2 blas-
tomeres isolated at the 8-cell stage (Fig. 1). bFGF appears to
be a good substitute for a neural inducer as it activates the
expression of TuNa1, a neuronal-specific Na1 channel, in
solated a4.2 blastomeres (Inazawa et al., 1998). a4.2 blas-
omeres cultured in isolation developed into spherical balls
f epithelium which are entirely positive for the epidermis-
pecific Epi-2 antibody at the equivalent of larval stages
Fig. 7A, a and d) and for EpiC expression at the equivalent
f tailbud stages (Fig. 7A, g). These two markers are absent
rom neural tissue and they stain the whole epidermis,
xcept that EpiC does not stain the palps region (Fig. 7A, c
nd f; Nishikata et al., 1987b; Ueki et al., 1991; Ishida et al.,
996). Treatment with 10 ng/ml of bFGF between the
6-cell stage and the late 64-cell stage induced a dramatic q
Copyright © 2001 by Academic Press. All rightorphological change. At the larval stage, the partial em-
ryos were composed of two distinct domains (Fig. 7A, b),
ne positive and one negative for Epi-2 antibody staining
Fig. 7A, e). Only very few cells were stained after in situ
ybridization using the EpiC probe at the equivalent of
ailbud stages (Fig. 7A, h). Taken together, these data
uggest that most Epi-2-positive cells in the partial embryos
re palp cells. Most cells in the bFGF-treated partial em-
ryos expressed the early pan-neural marker ETR-1 at the
quivalent of late gastrula stages, (BSA: 0%, n 5 38; bFGF:
8%, n 5 43) and HrTBB2 (a neural specific b-tubulin gene;
iya et al., 1997b) at the equivalent of tailbud stages (BSA:
%, n 5 35; bFGF: 89%, n 5 35) (Fig. 7A, i–n). ETR-1 and
rTBB2 are expressed in the palps region as well as the
NS. Thus, the extensive staining in early bFGF-treated
xplants confirm the idea that the partial embryos contain
ignificant amounts of palp cells. The Epi-2-negative region
ight then be composed of CNS cells. HrOth, the ascidian
omologue of Otx, is expressed in the brain and anterior
pidermis at the tailbud stage (Fig. 7A, o; Wada et al., 1996).
rOth was not expressed in the a4.2 partial embryos
ithout treatment (0%, n 5 31) and was expressed after
FGF treatment (91%, n 5 33) (Fig. 7A, p and q), suggesting
hat the neural tissue induced by bFGF was, at least in part,
f anterior character.
To determine the sensitive period of ectoderm explants to
FGF-mediated neural induction, we analysed Epi-2 expres-
ion considering the lack of Epi-2 staining as a indicative of
eural induction. As shown in Fig. 7B, treatment during the
ime window extending from the 16-cell stage up to the
4-cell stage was sufficient for a complete response, while
arious shorter treatments were less efficient. Subse-
FIG. 6. Nerve cord precursors are necessary for pigment cell
formation but not for neural plate specification. When the A-line
nerve cord precursors are ablated at the 64-cell stage, TRP expres-
sion is lost (B) compared to control tailbud (A). Even in the absence
of the nerve cord precursors, ETR-1 is still expressed in the brain
precursors at the late gastrula stage (D) like in control embryo (C).uently, the dose response to bFGF from the 16-cell stage to
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282 Darras and Nishidathe late 64-cell stage was examined (Fig. 7C). bFGF did not
lead to neuralization below 2 ng/ml, while maximum
efficiency was obtained with 10 ng/ml. Interestingly, even
at high doses, bFGF did not convert the whole partial
embryo into neural tissue, but only about one-half of it as
shown in Fig. 7A, e. The neuralizing effect of bFGF is likely
to be direct since it did not induce expression of other tissue
markers, such as endoderm-specific alkaline phosphatase
(Nishida and Kumano, 1997) and the muscle-specific Mu-2
antibody staining (Nishikata et al., 1987a) (data not shown).
Moreover, it was previously reported that bFGF does not
induce notochord and muscle formation under similar
experimental conditions (Nakatani et al., 1996; Inazawa et
l., 1998). These results demonstrate that bFGF can, to a
arge extent, replace the neuralizing signals emitted by the
nterior vegetal cells.
bFGF and BMP Act Sequentially to Induce
the Pigment Cell Fate in Early Embryos
As the ectopic pigment cells in BMPb-injected embryos
were derived only from brain precursors, the hypothesis
was that BMPb might only be able to convert neuralized
cells into pigment cells. To test this hypothesis, we treated
a4.2 blastomeres isolated from BMPb mRNA-injected em-
bryos with 10 ng/ml bFGF protein from the 16-cell to the
late 64-cell stage. Control partial embryos (0%, n 5 91) as
well as BMPb-injected partial embryos (0%, n 5 23) did not
xpress TRP in the absence of bFGF (Fig. 8). In these cases,
ll constituent cells of the partial embryos adopted an
pidermal fate as revealed by Epi-2 antibody staining (data
ot shown). The majority of a4.2 partial embryos treated
ith bFGF alone did not express TRP (10%, n 5 92).
owever, bFGF treatment of BMPb-injected blastomeres
ed to strong TRP expression (88%, n 5 52; Fig. 8). We
erformed the same type of experiments using BMP-4
rotein instead of HrBMPb mRNA injection to address the
emporal requirement of BMP. The a4.2 partial embryos did
ot express TRP after treatment with 100 ng/ml of BMP-4
rotein (0%, n 5 25). When isolated blastomeres were
treated with 10 ng/ml of bFGF from the 16-cell to the
64-cell stage and were then treated with BMP-4 (from the
64-cell to the tailbud stage), the partial embryos expressed
TRP (10 ng/ml of BMP-4 protein: 37%, n 5 27; 50 ng/ml:
60%, n 5 20; 100 ng/ml: 71%, n 5 24). These results
suggest that BMPb can act as a pigment cell inducer upon
competent neuralized cells.
BMPb and chordin Control Cell Fate Decision
among the Sensory Pigment Cell Equivalence
Group in Tailbud
BMPb and chordin did not only affect the specification of
the pigment cell lineage in early embryos, but also influ-
enced the type of pigment cell formed in larvae. chordin-
injected embryos did not develop an otolith (anterior pig-
ment cell). Instead, they contained no pigment cells (Fig.
Copyright © 2001 by Academic Press. All right4D) or one or two ocelli (posterior pigment cell) (Figs. 4B
and 4C). BMPb-injected embryos exhibited ectopic pigment
cells, which might occasionally include one ocellus; how-
ever, most ectopic pigment cells were otoliths, easily dis-
tinguishable by their round shape and their single spherical
melanin granule (Fig. 4H). Furthermore, the same observa-
tion was made in cleavage-arrested embryos. In uninjected
cleavage-arrested embryos, the pigment cells which formed
on the edge of the neural plate were ocelli, filled with lots
of small pigment granules (Fig. 4J; Whittaker, 1973a;
Crowther and Whittaker, 1984; Nishida and Satoh, 1989).
By contrast, the pigment cells in BMPb-injected cleavage-
arrested embryos were otoliths since they contained only a
few large melanin granules (compare Figs. 4G and 4H with
Figs. 4J and 4K). The development of a few melanin granules
rather than one large, in otolith of cleavage-arrested em-
bryos, is caused by cytochalasin B inhibiting the fusion of
melanosomes which normally occurs during the otolith
differentiation process (Whittaker 1973b; Nishida and Sa-
toh, 1989).
The decision between ocellus and otolith fates is made at
the tailbud stage. Three hours after lining up along the
antero-posterior axis in the dorsal part of the neural tube,
the anterior pigment cell precursor is irreversibly deter-
mined to adopt an otolith fate, whereas the posterior one
forms the ocellus (Whittaker 1973b; Nishida and Satoh,
1989). Figures 3B–3E show that BMPb is expressed in the
four tyrosinase positive cells including the pigment cell
precursors, while chordin is expressed in a single cell
located just posteriorly. These expression patterns and the
results of overexpression experiments support the following
hypothesis. At the time of neural tube closure, pigment cell
precursors line up in the dorsal neural tube and begin to
express BMPb. This onset of expression triggers otolith
differentiation. Ocellus differentiation would then come
about through inhibition of BMP signaling in the posterior
pigment cell by CHORDIN secreted from the posteriorly
located cell (Figs. 9C and 9D).
DISCUSSION
In this study, we have investigated the function of chor-
din and BMPb in the formation of the ascidian CNS. We did
not find evidence for involvement of these genes in neural
induction. We propose that, in combination with the FGF
signaling pathway, the BMP pathway may act to pattern the
neural plate (a8.17, a8.19, a8.25 blastomere derivatives) as
revealed by the induction of the sensory pigment cells.
Later in development, the same BMP/CHORDIN partners
would control a binary cell fate decision between ocellus
and otolith, by providing positional cues along the antero-
posterior axis.
chordin Expression Pattern
chordin expression can be divided into three main phases.During cleavage stages, transcripts are found in mesoder-
s of reproduction in any form reserved.
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283BMP and CHORDIN in Ascidian Neural Patterningmal precursors (notochord and mesenchyme) and in poste-
rior endoderm. Following the gastrula stage, chordin is
expressed in two tissues: the epidermis bordering the neural
plate (with a stronger anterior expression) and the TLC
precursors. At the tailbud stage, chordin is expressed in the
cell posterior to the pigment cell precursors and in cells
around the palp forming region.
This expression pattern is difficult to compare with that
of chordin in vertebrates. For example, chordin is tran-
iently expressed in the notochord precursor blastomeres at
he time this tissue is induced (64-cell stage), as has been
ocumented for vertebrates (Sasai et al., 1994). This expres-
ion, however, may not be homologous since chordin is
oncomitantly expressed in other lineages in the ascidian.
evertheless, the expression in the anterior CNS at the
ailbud stage might correspond to Xenopus chordin expres-
ion in the forebrain at an equivalent stage, although as yet
o function has been proposed for this domain of expression
n Xenopus (Sasai et al., 1994).
chordin and BMPb Control Two Distinct Steps
of the Pigment Cell Lineage Specification
During what we define as the first step of pigment cell
development, we show that BMPb could induce ectodermal
cells neuralized by bFGF to adopt a pigment cell fate. BMPb
overexpression showed that all brain precursors, namely
the a8.25, a8.17, and a8.19 neurogenic blastomeres of the
110-cell-stage embryo (Fig. 3A), have the potential to form
pigment cells. It is therefore likely that the restricted
expression of BMPb in the A8.15 and A8.16 blastomeres is
esponsible for pigment cell fate specification in a8.25, their
losest neighbor (Figs. 9A and 9B). The role of chordin,
xpressed in the cells surrounding the a8.25 blastomere, is
ot clear, but chordin could be involved in the control of
MP activity to a level appropriate for pigment cell induc-
ion. Importantly, previous studies have shown that pig-
ent cell fate is determined 1 h after the 110-cell stage, and
efore the next division (Fig. 3F; Nishida and Satoh, 1989).
hus, based on their expression pattern, BMPb and chordin
ould effect pigment cell specification at the 110-cell stage.
ollowing specification, a8.25 divides into a9.50 and a9.49
Fig. 3F). The pigment cell fate is restricted to the posterior
aughter cell (a9.49), which is located close to the nerve
ord precursors that express BMPb. This fate restriction to
he posterior cell was also observed after BMPb overexpres-
ion, since only the cells of the posterior row of brain
recursors (a9.33 and a9.37) could develop into pigment
ells (Figs. 4K and 4M). This observation suggests that
MPb is not responsible for this fate restriction, which may
rise from the asymmetric division of a8.25, which is
ontroled by nerve cord precursors. Asymmetric divisions
ave been implicated during the inductive interactions
eading to fate specification of mesenchyme and notochord
Nakatani et al., 1996; Kim et al., 2000).
The second step concerns the choice between otolith and
cellus fates. At the early tailbud stage, BMPb is expressed m
Copyright © 2001 by Academic Press. All rightn the descendants of the a9.49 blastomeres pair (a10.98 and
10.97 pairs; Figs. 9C and 9D). As the neural tube closes, the
wo lateral postmitotic a10.97 cells intercalate in order to
lign along the midline. The anterior a10.97 cell forms the
tolith while the posterior one differentiates into the ocel-
us (Whittaker, 1973b; Nishida and Satoh, 1989). Since
njection of a moderate dose of BMPb mRNA promotes
ctopic otolith formation, we propose that BMPb is re-
uired at the early to midtailbud stage for otolith differen-
iation. Conversely, injection of chordin mRNA blocks
tolith formation and promotes ocellus differentiation.
ence, a local reduction of BMP activity in the posterior
10.97 cell by CHORDIN, which is expressed posterior to
his cell (Figs. 9C and 9D), would potentially allow ocellus
ifferentiation. The proposed timing of action of BMPb and
hordin based on expression data are consistent with the
act that each fate is determined at 21 h of development, the
idtailbud stage (Nishida and Satoh, 1989). Unfortunately,
he precise lineage of the chordin-expressing cell is unclear
nd does not allow a direct test of this model by ablation of
his cell. Our model is sufficient to explain the cell fate
ecision among the equivalence group formed by the a10.97
ell pair. However, it was previously proposed that lateral
nhibition could also play a role in this decision (Nishida
nd Satoh, 1989; Hori et al., 1997). Although we can not
ule out redundant functions of BMP and lateral inhibition,
t appears that Notch signaling does not appear to affect this
ate decision (T. Akanuma, S. Hori, S.D., and H.N., unpub-
ished observations).
When exposed to high doses of BMPb mRNA, mela-
inized pigment cells do not form, in spite of clear ectopic
xpression of TRP early on (Fig. 5). A possible scenario
ould be envisioned whereby higher BMP activity actually
revents melaninization of pigment cells. For example, this
odel may explain why the small anterior a10.98 cells
Figs. 9C and 9D) which express the tyrosinase gene (Sato et
l., 1997), tyrosinase enzymatic activity (Nishida and Sa-
oh, 1989), and TRP (Sato et al., 1999), during normal
mbryogenesis, do not go on to synthesize melanin and are
ot pigmented. These cells could experience higher BMP
ignals as they lie further from the chordin expressing cells.
herefore, a local BMP activity gradient in the four
yrosinase-positive cells could account for the cell fate
ecision: loss of melanin production upon high activity,
tolith differentiation upon intermediate activity, and ocel-
us differentiation upon low activity (Fig. 9).
When exposed to a high dose of BMPb mRNA, pigment
ells and brain vesicle do not form, although early neural
nd pigment cell markers are detected (Figs. 4I and 5; Miya
t al., 1997a). As described above, BMPb function at tailbud
tages might explain the lack of pigment cell differentia-
ion. However, the effect upon other brain structures sug-
ests that BMPb might be more generally involved in
ntero-posterior and dorso-ventral patterning. This hypoth-
sis will await further experiments and the isolation of new
arkers for these two axes of the brain.
s of reproduction in any form reserved.
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By using electrophysiology and the expression of a so-
dium channel, it has previously been shown that neural
FIG. 8. bFGF and BMPb cooperate to induce pigment cells. At t
mbryos (control) or embryos injected with 20 pg of BMPb mRNA
ate 64-cell stage. TRP is not activated by bFGF alone (bFGF). Trea
BMPb 1 bFGF). Scale bar, 100 mm.
FIG. 9. Summary of the different steps in pigment cell formation
involvement of BMPb and chordin in the process depicted in par
expressing HrBMPb induce the a8.25 blastomere to form a pigmen
lineage. (C) Position of relevant cells in tailbud embryo. (D) Model
brain region shown in (C). Four tyrosinase-positive cells are express
in the posterior a10.97 cell and promotes the ocellus fate. Melanin
signal.
Copyright © 2001 by Academic Press. All rightnduction requires contact with A4.1 from the 32-cell to the
idgastrula stage. A similar time window was observed for
FGF requirement, while the serine protease subtilisin was
fficient during a much shorter time window (summarized
-cell stage, a4.2 blastomeres were isolated either from uninjected
b) and treated with 10 ng/ml of bFGF from the 16-cell stage to the
t with bFGF of BMPb-injected blastomeres strongly induces TRP
The molecules involved and the estimated stages are shown. The
eses is mainly speculative. (B) The A8.15 and A8.16 blastomeres
ll. a8.19, a8.17, and a8.25 blastomeres belong to the brain vesicle
tolith versus ocellus fate specification. Enlargement of the dorsal
rBMPb. The Hrchordin-expressing cell suppresses the otolith fate
esis in a10.98 cell may not be achieved due to a high level of BMPhe 8
(BMP
tmen. (A)
enth
t ce
for o
ing H
synths of reproduction in any form reserved.
a
i
a
t
t
b
o
b
b
m
i
a
c
a
i
y
m
e
w
o
f
h
o
t
s
p
u
a
a
c
a
s
(
e
c
m
a
e
a
3
(
m
s
t
v
e
286 Darras and Nishidain Inazawa et al., 1998). Our data differ in a few aspects
from these previous results, as bFGF treatment of animal
blastomeres from the 16-cell to the 64-cell stage was
sufficient in our hands for neural induction. Moreover, the
efficient dose of bFGF was lower in our experiments com-
pared to previously published data. One possible explana-
tion for these discrepancies could be that we used early
neural markers such as ETR-1 but not late neuronal mark-
ers such as a sodium channel, which may require additional
signals, similar to the case of BMP for pigment cell forma-
tion. It is also important to note that Inazawa et al. (1998)
pplied bFGF only from the 32-cell stage, while we applied
t from the 16-cell stage. In addition, several distinct studies
re supportive of our own observations. For instance, palp
issue, another ectodermal derivative requiring an induc-
ive signal from the A-line blastomeres, has been shown to
e specified by the 32-cell stage (Wada et al., 1999). More-
ver, the first step of brain induction appears to be complete
y the 110-cell stage (beginning of gastrulation), as shown
y the inability of isolated brain precursors to form epider-
is at this stage (Nishida, 1991). Finally, our results are also
n agreement with experiments showing that FGF signaling
cts before gastrulation to initiate neural induction in the
hick embryo (Wilson et al., 2000; Streit et al., 2000).
The Nature of the Endogenous Neural Inducer
We would now like to discuss the possible involvement
of BMP antagonism in neural induction with reference to
the proposed role for this pathway in vertebrates (Sasai and
De Robertis, 1997). In ascidians, epidermis formation is an
autonomous process, whereby maternal determinants are
located in the animal hemisphere after ooplasmic segrega-
tions (Nishida, 1997). Thus, it is unlikely that cell–cell
interactions, through a secreted factor such as BMP, are
involved in epidermis formation to repress a default neural
fate, except if they act in an autocrine manner. This view is
supported by the fact that animal cells cultured in continu-
ous dissociation do not adopt a neural fate and never
express the pan-neural marker ETR-1 (Minokawa et al.,
2001). However, it remains possible that the downstream
components of the BMP pathway are involved in epidermis
formation. Maternal transcripts for Hrsmad1/5 (the homo-
logue of Smad1 and Smad5) are preferentially found in the
nimal hemisphere and the zygotic transcripts accumulate
n the epidermis precursors from the 64-cell stage (Koba-
ashi et al., 1999).
chordin-injected embryos did not show ectopic neural
arker expression in the ascidian. However, the earliest
ffect observed for the overexpressed CHORDIN protein
as at the early 64-cell stage, as revealed by the suppression
f notochord formation (Darras and Nishida, 2001). There-
ore, we can exclude that the overexpressed protein may not
ave accumulated to sufficient levels before the beginning
f the 64-cell stage to show any effect upon neural induc-
ion, since neural induction seems to begin at the 16-cell
tage. Nevertheless, the onset of endogenous chordin ex-
Copyright © 2001 by Academic Press. All rightression is seen at the 64-cell stage and chordin is thus
nlikely to act in the early steps of neural induction. It may
ct later (from the 64-cell stage) to maintain the neural fate
s observed in the chick embryo (Streit et al., 1998). In
onclusion, we can not formally exclude a role for BMP
ntagonism in neural induction during early cleavage
tages, which would occur independently of chordin.
Two BMPs have been isolated in ascidian. HrBMPa
BMP5–8 subclass) is not maternally expressed and zygotic
xpression starts at the 110-cell stage in notochord, nerve
ord, and in all animal cells (Miya et al., 1996). HrBMPb is
aternally expressed but the transcripts are not localized to
particular tissue (Miya et al., 1997a). Zygotic BMPb is first
xpressed in anterior endoderm at the 64-cell stage (Darras
nd Nishida, 2001) and in nerve cord (A8.15 and A8.16; Fig.
A) as well as in the B7.5 blastomere at the 110-cell stage
Miya et al., 1997a). While we can not rule out a role for
aternal BMPb, the zygotic expression patterns do not
upport a role for these genes in antagonizing neural induc-
ion. Importantly, overexpression data also support this
iew. BMPa overexpression produces no phenotype (Miya
t al., 1997a), and overexpression of BMPb did not appear to
prevent CNS formation (Miya et al., 1997a; our study). The
loss of the neural markers ETR-1 and TBB2 and the expan-
sion of the epidermal marker EpiC were only restricted to
the precursors of the palps and head peripheral neurons.
Thus, the CNS precursors were never affected by overex-
pression of CHORDIN, BMPa, and BMPb, although there
still remains a possibility that some, as yet unknown, BMP
activity might be antagonized in order to allow neural
tissue formation in the normal embryo.
The sensitive period for neuralization by bFGF defined
here would suggest that candidate neural inducers are
secreted from A-line blastomeres at least from the 16-cell
stage. Unfortunately, no FGF or protease of the subtilisin
family has been isolated in the ascidian yet. Taken together,
our data as well as previous studies are consistent with a
model whereby a neuralizing bFGF-like signal is secreted
from the anterior vegetal (A-line) blastomeres at least from
the 16-cell stage. A short exposure of the animal blas-
tomeres to this signal may be sufficient for palps formation
since this structure forms even if A-line blastomeres are
ablated at the 32-cell stage (Wada et al., 1999) and can be
induced by bFGF (present study). However, a longer expo-
sure, up to the 64-cell or 110-cell stage, is required for brain
specification. This model shares some similarities with the
proposed mechanism for neural induction in amphibians, as
a short exposure to neural inducers activates cement gland
markers, while longer exposure induces more posterior
neural tissue (Sive et al., 1989; Doniach and Musci, 1995).
Dorso-Ventral Patterning of the Neural Tube
Pigment cell precursors are located on the edge of the
neural plate and become integrated to dorsal neural tube.
Thus, one might consider that BMPb dorsalizes the neural
tube. Interestingly, overexpression of HrPax-37 (the homo-
s of reproduction in any form reserved.
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287BMP and CHORDIN in Ascidian Neural Patterninglogue of Pax-3 and Pax-7), which has been shown to
dorsalize the neural tube, induces ectopic tyrosinase ex-
pression although ectopic pigment cells never differentiated
(Wada et al., 1997). This situation shares striking similari-
ties with what has been observed in vertebrates, where both
the BMP pathway and Pax3 and Pax7 have been shown to
e involved in dorsalization of the neural tube (reviewed by
aker and Bronner-Fraser, 1997a,b). Thus, we propose that
he control of dorso-ventral neural tube patterning by BMP
s likely to be conserved in ascidians.
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